ZnO films grown by pulsed-laser deposition on c-plane Al 2 O 3 substrates were annealed at temperatures up to 600°C to produce n-type carrier concentrations in the range 7.5ϫ10 15 -1.5 ϫ10 20 cm Ϫ3 . After high-dose (3ϫ10 16 cm Ϫ2 ) Mn implantation and subsequent annealing at 600°C, all the films show n-type carrier concentrations in the range 2 -5ϫ10 20 cm Ϫ3 and room temperature hysteresis in magnetization loops. The saturation magnetization and coercivity of the implanted single-phase films were both strong functions of the initial anneal temperature, suggesting that carrier concentration alone cannot account for the magnetic properties of ZnO:Mn, and that factors such as crystalline quality and residual defects play a role. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1690111͔
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The properties of ZnO make it an attractive candidate for UV light-emitters, varistors, transparent high-power electronics, surface acoustic wave devices, piezoelectric transducers, gas-sensing, window material for flat-panel displays, and more efficient solar cells. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] There is also interest in developing the use of ion implantation of ZnO for device doping and isolation, 8 as well as investigating the effectiveness of different transition metals for magnetic doping. The model by Dietl et al. 13, 14 predicts that the transition temperature in dilute magnetic semiconductors ͑DMSs͒ will scale with a reduction in the atomic mass of the constituent elements due to an increase in p -d hybridization and a reduction in spin-orbit coupling. The theory predicts a T C greater than 300 K for p-type ZnO, with T C dependent on the concentration of magnetic ions and holes. Ferromagnetism ͑FM͒ in magnetically doped ZnO has also been theoretically investigated by ab initio calculations based on local density approximation. 15, 16 The results suggest that FM ordering of Mn is favored when mediated by hole doping. However, for V, Cr, Fe, Co, and Ni dopants, FM ordering in ZnO is predicted to occur without the need of additional charge carriers. FM has been observed in n-type Mn-implanted, Sn-doped ZnO crystals, 17 where Sn is a doubly ionized donor impurity. The Curie temperature is quite high, approaching 250 K. The Sn may simply provide carriers, albeit electrons, which effectively mediate the spin interactions or which could alternatively form complexes with Mn, resulting in both Mn ϩ2 and Mn ϩ3 sites that could yield a ferrimagnetic ordering. Several groups have investigated the magnetic properties of TM-doped ZnO. In all of these studies, the ZnO material was n-type and shows either spin-glass, 18 paramagnetic, 19, 20 or FM behavior. [21] [22] [23] In Ni-doped ZnO thin films doped with 3 to 25 at. % Ni, FM was observed at 2 K with superparamagnetism above 30 K, 24 while FM has been reported for Co or Fe doping. [25] [26] [27] Despite the uncertainty in the mechanism, these results ͑high temperature ferromagnetism in Co-and Mn,Sn-doped ZnO͒ indicate a pathway for exploring spintronics in ZnO materials. The ionic radius of Mn ϩ2 ͑0.66 Å͒ is relative close to that for Zn ͑0.60 Å͒, suggesting moderate solid solubility without phase segregation. As such, the primary transition metal dopant of interest will be Mn. Chromium and cobalt also present the possibility of achieving FM in ZnO via doping with magnetic ions for which the net superexchange coupling is FM.
In this letter, we report on the effects of initial carrier concentration in thin films of ZnO deposited on sapphire on the resulting transport and magnetic properties after high dose Mn implantation and annealing.
The phosphorus-doped ZnO epitaxial films in this study were grown by pulsed-laser deposition ͑PLD͒ on singlecrystal ͑0001͒ Al 2 O 3 substrate, using a ZnO:P 0.02 target and a KrF excimer laser ablation source. 28 The laser repetition rate and laser pulse energy density were 1 Hz and 3 J cm Ϫ2 , respectively. The films were grown at 400°C in an oxygen pressure of 20 mTorr. The samples were annealed in the PLD chamber at temperatures ranging from 425 to 600°C in O 2 ambient ͑100 mTorr͒ for 60 min. The resulting film thickness ranged from 350 to 500 nm. Four-point van der Pauw Hall measurements were performed to obtain the carrier concentration and mobility in the films. The carrier concentrations ranged from 7.5ϫ10 15 to 1.5ϫ10 20 cm Ϫ3 , with corresponding mobilities in the range 16 -6 cm 2 /V s, as shown in Fig. 1 .
The films were implanted with 250 keV Mn ϩ ions to a dose of 3ϫ10 16 cm Ϫ2 with the samples held at ϳ300°C to avoid amphorization and subsequently annealed at 600°C for 1 min in air in a Heatpulse 610 T system. The transport properties were again obtained from Hall measurements and are also shown in Fig. 1 from residual implant damage or formation of Mn-related donor complexes. It is clear that the transport properties are dominated by these effects since in each case, the carrier concentration is significantly larger than in the samples prior to implantation. The magnetic properties were obtained using a commercially available rf-superconducting quantum interface device ͑Quantum Design MPMS͒. None of the films showed any evidence for second-phase formation from x-ray diffraction measurements. In each case, the Mn-implanted samples showed differences in field-cooled ͑FC͒ and zero-fieldcooled ͑ZFC͒ magnetization out to at least room temperature. An example is shown in Fig. 2 for the sample that was not annealed prior to implantation. The difference between the two plots advantageously eliminates para-and diamagnetic contributions and indicates the presence of hysteresis if the difference is nonzero. This is particularly advantageous for thin-film samples, in which the amount of FM material in unoptimized samples may be small. For samples that have hysteresis that extends higher than the highest temperature we reach in the FC-ZFC measurement, the FC-ZFC results do not have a well-defined meaning, and hysteresis can still be observed at temperatures higher than the point at which the difference goes to zero. Although FM is the usual explanation for hysteresis, spin-glass effects, cooperative interactions between superparamagnetic clusters, or superparamagnetism below a blocking temperature can also be the cause.
The FC magnetization shows a positive curvature with a pronounced upturn at low temperatures. These rather unconventional shapes in the temperature-dependent magnetization were first seen in ͑Ga,Mn͒As 29 and seem to be the rule rather than the exception in most DMS materials. Possible explanations for this behavior can be found in theoretical treatments that consider the effect of randomness and disorder on percolating FM clusters.
30-32 Figure 3 shows the hysteresis in 300 K magnetization versus field plots for three different samples after Mn implantation and annealing at 600°C. There is a remarkable change in both the saturation magnetization and coercivity for these samples implanted under identical conditions, even though the final electrical properties are almost the same. This is a strong indication that carrier concentration alone is not the only parameter that influences the magnetic characteristics of the ZnO:Mn. This is consistent with the work of Theodoropoulou et al., 23 who found that FM in ZnO thin films deposited by reactive magnetron sputtering was strongly dependent on parameters such as growth tempera- Magnetization versus field at 300 K for different films of ZnO implanted with Mn and subsequently annealed at 600°C. The sample at top was not annealed after growth, the one at center was annealed at 500°C, and the one at bottom was annealed at 600°C after growth. Figure 4 shows the dependence of room temperature saturation magnetization (M S ) and coercivity (H C ) on the initial post-growth annelaing temperature of the ZnO films. The highest M S values were obtained for the sample annealed initially at 600°C, which is likely to have the best crystalline quality and which had the lowest electron concentration. This may lead to a more even distribution of substitutional Mn 2ϩ , minimizing antiferromagnetic coupling. 23 In the ab initio calculations of Refs. 15 and 16, hole doping stabilizes the FM state in Mn-doped ZnO, and the spin-glass state becomes more energetic favorable as the n-type doping increases.
In conclusion, high-dose Mn implantation into ZnO thin films grown on sapphire substrates produces ferromagnetism for all n-type doping levels investigated. The saturation magnetization is a strong function of the initial electrical properties of the films prior to implantation and explains some of the variation in magnetic properties reported in the literature for films grown by different methods on different substrates.
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